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OutlineOutline

• Introduction – What are the performance and 
Applications

• Vacuum  and QE do Matter. 

• 6-D Performance Optimization 

• Timing Jitter – What is required?

• Summary – We did better than theory!
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They all driven by a photocathode RF 
Gun Based Linac

They all driven by a photocathode RF 
Gun Based Linac
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IntroductionIntroduction
All the FEL reach saturation does not test the limit 

of the emittance performance:
1. LEUTL and TTF I < 6-10 mm-mrad
2. VISA <2.0 - 2.5 mm-mrad
3. DUV-FEL < 5 mm-mra

Does Any Physics Experiment Test the limit:
1. Laser Compton Scattering < 2 mm-mrad
2. IFEL Micro-bunching - Stella Experiment < 1-2 

mm-mrad
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Introduction - ApplicationsIntroduction - Applications

• Injector for Storage Ring ~ 70
• Pico Femto Second high-brightness electron 

beam on the table
• Other applications – femtosecond electron 

microscope
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TT3 3 Laser System Laser System –– revolutionize the revolutionize the 
high power laser applicationshigh power laser applications
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Phtoinjector
for T2 (Table Top or 2 tables) system

Phtoinjector
for T2 (Table Top or 2 tables) system

•Beam Physics
•Soft X-ray Source
•Coherent THz source
•Pulse Radiolysis

Femto-second 
Electron Diffraction
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4.3ｍ

Experimental room
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Pulse Radiolysis Experiment

•Absorption measurement using CW laser light (He-Ne: 630nm）

•Our system is based on pomp-and-probe pulse 
radiolysis method. Electron beam used as irradiation 
source is originally 10ps single pulse. Laser light, which is 
CW laser light or pico-second laser pulse, is used as a 
probe .

Setup

Time profile of hydrated electron

pure water 

pure water
(HClO4  : 1.16x10-3[mol/l] )

•Now, we are developing a stroboscopic pulse radiolysis system using 10 ps white-light.  　
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Why Photocathode RF GunWhy Photocathode RF Gun

• 6-D performance – smaller 
emittance and shorter bunch.

• Flexibility.

But it bring more issues, mainly laser 
and cathode:

• Stability 
• Reliability
• Uniformity – QE, transverse and 

longitudinal distribution
• Jitters – position and time
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Vacuum and QE Do MatterVacuum and QE Do Matter

(at Room Temperature)

Pressure
(Torr)

Molecular Density
(molec./cm3)

Molecular Incidence
(molec./cm2⋅sec)

Mean Free
Path
(cm)

Monolayer
Formation Time

(sec)

760 2.49 x 1019 2.87 x 1023 3.9 x 10-6 1.7 x 10-9

1 3.25 x 1016 3.78 x 1020 5.1 x 10-3 2.2 x 10-6

10-3 3.25 x 1013 3.78 x 1017 5.1 2.2 x 10-3

10-6 3.25 x 1010 3.78 x 1014 5.1 x 103 2.2 x 100

10-9 3.25 x 107 3.78 x 1011 5.1 x 106 2.2 x103 (37 min)
10-12 3.25 x 104 3.78 x 108 5.1 x 109 2.2 x 106 (25.5 days)
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Laser-Induced Explosive Emission
(X.J. Wang et al, J. Appl. Phys. 72(3), 888-894 (1992))

Laser-Induced Explosive Emission
(X.J. Wang et al, J. Appl. Phys. 72(3), 888-894 (1992))
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Photocathode RF Gun Injection SystemPhotocathode RF Gun Injection System

• Photocathode RF gun injection 
system:

1. RF gun.
2. Solenoid Magnet.
3. RF gun associate beam diagnostics.
4. Laser system and optics.
5. Cathode technology
6. Operating principle

Stability and Reliability



Brookhaven Science Associates
U.S. Department of Energy

What We would like Photoinjector doWhat We would like Photoinjector do

•No timing jitter

•No energy fluctuation

•Perfect point stability

•7/24 available

•Remote controllable

•NO laser physicist.

Programmable in both 
transverse and longitudinal 
distribution

10,%2.5,%Transverse 
uniformity

1,%0.25,Point stability
5,%1,%energy
200 - 400, fs50 - 100, fsTiming jitter

peakrms
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Photo-injector Beam Diagnostics
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Laser and Photoinjector
Characterization

Laser and Photoinjector
Characterization
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Photo-injector Diagnostics
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Quantum Efficiency MeasurementsQuantum Efficiency Measurements
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Photo-injector Diagnostics
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ATF Laser Oscillator-to-Clock Relative Phase [ps]
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Longitudinal Emittance Compensation
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Stability and Reliability Leads To Better Performance
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Emittance Optimization at 45 MeV

Emittance vs. launch phase

0
0.05

0.1
0.15

0.2
0.25

0.3
0.35

0.4
0.45

0 20 40 60
launch phase(degree)

90%
100%

Sigma-Z at gun exit vs. launch phase 
for different Charge

0
1
2
3
4
5
6

0 50 100
launch phase

Si
gm

a-
Z(

ps
)

0.2nc
0.5nc
1nc



Brookhaven Science Associates
U.S. Department of Energy

Thermal EmittanceThermal Emittance
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Example of measurement for Cu-cathode (Courtesy of W. Graves)

Nonlinear fit gives βrf=3.1+/-0.5, 
Φcu=4.73+/-0.04 eV, and Ek=0.40 eVLinear fit gives Ek=0.43 eV

ICFA/BD Sardinia July 2002
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Performance of Photocathode RF gun Injector

Electron beam at dispersion 
region.Laser profile on the cathode.

Q-scan data for a 30 MeV beam, 
200 pC charge with rms 
normalized emittance 1.1 mm-
mrad, bunch length 4 ps FWHMElectron beam profile on the 

measurement screen.
Electron beam focus after the 
gun.
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Figure 4:  Electron beam horizontal spot size versus charge, 
measured with the different diagnostics.  One can see a big 
discrepancy between the scintillators and OTR images.
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Mg thermal EmittanceMg thermal Emittance
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Slice Emittance
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RF Photoinjector TheoryRF Photoinjector Theory

• Are all emittance uncorrelated?

K-J.’s theory:

Emittnace growth (Rieser):
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The Advanced FEL Photoinjector Operates at 20 
MV/m Gradient and 200 mA Average Current

• 1300 MHz
• Eb = 15-20 MeV
• Imacro = 100-400 mA
• Q = 1-4 nC
• εrms = 1.6 mm-mrad
• ∆γ/γ = 0.2%
• Injection φ = 30o

• Solenoid = 300A
• Bucking Sol. = 310A

(D. Nguyen’s talk at  BNL 
PERL workshop, Jan 2001)
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Timing jitter effects - Laser  e- beam (FEL) Interaction

fs
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The timing jitter between the two lasers is  the arriving time jitter of the 
electron beam relative to the pump laser.  Further more we can assume the 
photocathode RF gun laser and the pump laser is originated from the same 

laser,  now the timing jitter is the traveling time jitter of the electron beam only 

∑= itt 22 δδ
Pump

e-
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Timing jitter is always relative, most 
time we user our RF system as a 
reference, but sometimes it 
conceptual simpler to use laser

Laser 
system

RF GunLinacFEL Undulators

RF system

A Typical Photoinjector Based Linac System – BNL DUV-FEL
Compressor
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Timing jitter effects – photocathode RF gunTiming jitter effects – photocathode RF gun
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Timing Jitter Due to Energy FluctuationTiming Jitter Due to Energy Fluctuation
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For 5 MeV beam through 1 meter, 10-3 energy jitter will lead to 30 
fs arrive time jitter. Similar jitter will be generated inside the RF 

gun,  RF gun energy stability better than 10-4 is required.
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Timing jitter effects – Magnetic Chicane CompressorTiming jitter effects – Magnetic Chicane Compressor

δδδδ∆t0∆t0∆t0∆t0

∆t0∆t0∆t0∆t0∆t0∆t0 ∆t1∆t1∆t1∆t1

late arrival,
higher energy,

less chirp

late arrival,
higher energy,

less chirp

longer bunch,
less wake,
more chirp

longer bunch,
less wake,
more chirp

longer bunch,
less wake,
more chirp

longer bunch,
less wake,
more chirp

∆t2∆t2∆t2∆t2

Two-Stage Compression Used for StabilityTwo-Stage Compression Used for Stability

System can be optimized for stability against timing & charge jitterSystem can be optimized for stability against timing & charge jitter

~same bunch length~same bunch length~same bunch length~same bunch length

bunch length stability with RF phase jitter…bunch length stability with RF phase jitter… T. RaubenheimerT. RaubenheimerT. RaubenheimerT. Raubenheimer

P. Emma of SLAC
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Timing Jitter Reduction
RF and Laser Synchronization 

Timing Jitter Reduction
RF and Laser Synchronization 

Laser

phase 
detector

Laser signal 
(from photodiode)

Reference  
frequency

To piezo

loop gain 
and filter

To picomotor

microprocessor

••

Laser output
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Is  Ti:Sap Laser a right Choice?
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200 fs Yb:glass oscillator

λ(um)        P (mW) L(FWHM, fs)         

1.051 136 150

1.047 117 177

Timing jitter: 200fs (FW, detector 
limited)
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ATF Laser Oscillator-to-Clock Relative Phase [ps]
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Jitter Measurement Technique 
Based on HGHG

Jitter Measurement Technique 
Based on HGHG
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beamelaser −≤ττ
beamelaser −ττ f
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